We optimized culture conditions for 3-dimensional mouse and human esophageal organoids and used this experimental platform with potential applications toward personalized medicine to identify disruption of notch3-mediated squamous cell differentiation as a mechanism contributing to reactive epithelial changes under inflammatory conditions.
SUMMARY
We optimized culture conditions for 3-dimensional mouse and human esophageal organoids and used this experimental platform with potential applications toward personalized medicine to identify disruption of notch3-mediated squamous cell differentiation as a mechanism contributing to reactive epithelial changes under inflammatory conditions.
BACKGROUND & AIMS:
Aberrations in the esophageal proliferation-differentiation gradient are histologic hallmarks in eosinophilic esophagitis (EoE) and gastroesophageal reflux disease. A reliable protocol to grow 3-dimensional (3D) esophageal organoids is needed to study esophageal epithelial homeostasis under physiological and pathologic conditions.
METHODS:
We modified keratinocyte-serum free medium to grow 3D organoids from endoscopic esophageal biopsies, immortalized human esophageal epithelial cells, and murine esophagi. Morphologic and functional characterization of 3D organoids was performed following genetic and pharmacologic modifications or exposure to EoE-relevant cytokines. The Notch pathway was evaluated by transfection assays and by gene expression analyses in vitro and in biopsies.
RESULTS: Both murine and human esophageal 3D organoids displayed an explicit proliferation-differentiation gradient. Notch inhibition accumulated undifferentiated basal keratinocytes with deregulated squamous cell differentiation in organoids. EoE patient-derived 3D organoids displayed normal epithelial structure ex vivo in the absence of the EoE inflammatory milieu. Stimulation of esophageal 3D organoids with EoE-relevant cytokines resulted in a phenocopy of Notch inhibition in organoid 3D structures with recapitulation of reactive epithelial changes in EoE biopsies, where Notch3 expression was significantly decreased in EoE compared with control subjects.
CONCLUSIONS: Esophageal 3D organoids serve as a novel platform to investigate regulatory mechanisms in squamous epithelial homeostasis in the context of EoE and other diseases. Notch-mediated squamous cell differentiation is suppressed by cytokines known to be involved in EoE, suggesting that this may contribute to epithelial phenotypes associated with disease. Genetic and pharmacologic manipulations establish proof of concept for the utility of organoids for future studies and personalized medicine in EoE and other esophageal diseases. (Cell Mol Gastroenterol Hepatol 2018;5:333-352; https://doi.org/10.1016/ j.jcmgh.2017.12.013) S tratified squamous epithelia comprises basal and suprabasal cell layers, displaying an explicit differentiation gradient. The basal cell layer contains undifferentiated and proliferative basal cells (keratinocytes) that exit cell division cycles and undergo terminal differentiation within the suprabasal cell layers to migrate and desquamate into the lumen, permitting epithelial renewal. Basal cells express defining molecular markers, such as b1-integrin (CD29). 1 The basal cell layer harbors stem cells with longterm self-renewal capacity. 2, 3 Cell-cell junctions in suprabasal cell layers provide epithelial barrier function. The differentiation gradient is disrupted under esophageal disease conditions, both benign and malignant. Esophageal epithelial homeostasis is influenced by a variety of agents and factors including chemical carcinogens, radiation, acids, growth factors, and inflammatory cytokines. These factors activate multiple signaling pathways, including epidermal growth factor (EGF) receptor, bone morphogenetic protein, Wnt, and Notch, which regulate esophageal epithelial renewal, proliferation, differentiation, transdifferentiation, senescence, apoptosis, or survival. [4] [5] [6] [7] [8] [9] [10] The Notch pathway is critical in squamous epithelial homeostasis. 11 Notch signaling is activated via cell-cell contact, permitting cell surface ligand-receptor interaction. Activation of Notch receptor leads to a series of proteolytic cleavages and nuclear translocation of its intracellular domain, which physically associates with the common downstream effector transcription factor CSL/RBPJ along with the coactivator Mastermind-like protein 1 (MAML1). Notch-activated CSL-mediated transcriptional targets include Involucrin (IVL), a squamous-cell differentiation marker. Of 4 mammalian paralogs of Notch receptor, Notch1 is the master regulator of squamous cell differentiation. Loss of Notch signaling in the epidermis results in noncell autonomous and cell autonomous effects, inducing basal cell hyperplasia (BCH; expansion of basal keratinocytes without postmitotic terminal differentiation), 12 deregulated squamous cell differentiation and hyperkeratosis, and dermal inflammation and eosinophilic infiltrates. 13 In murine esophageal keratinocytes, genetic or pharmacologic panNotch signaling inhibition via dominant negative MAML1 (DNMAML1) or g-secretase inhibitors (GSI), impairs squamous cell differentiation with a concurrent downregulation of IVL and other differentiation-related genes in vitro and in vivo. 8 Many esophageal diseases, such as gastroesophageal reflux disease (GERD) and eosinophilic esophagitis (EoE), involve esophageal epithelial pathologies. For example, common histopathologic manifestations of EoE and GERD include esophageal BCH and spongiosis (dilated intracellular spaces). Featuring eosinophilic inflammation and lamia propria fibrosis, 14 EoE is an emerging food allergen-induced cytokine-mediated inflammatory disorder, affecting children and adults. Long-term disease status leads to irreversible fibrotic esophageal stenosis. Genome-wide association studies and gene expression profiling of endoscopic esophageal biopsies from patients with EoE have implicated several epithelial cell-associated molecules, such as thymic stromal lymphopoietin (Tslp) and Desmoglein-1, the latter a regulator of esophageal epithelial barrier function. 15, 16 Transcriptome analysis has revealed differentiation as the most affected biologic process in EoE. 17 Additionally, EoE-relevant inflammatory cytokines, such as tumor necrosis factor (TNF)-a and transforming growth factor-b, alter epithelial cell characteristics by inducing epithelial-mesenchymal transition (EMT). 18, 19 Esophageal inflammation associated with GERD also involves TNF-a and other cytokines. 20 There are currently no reliable epithelial functional assays or models to understand human epithelial biology related to EoE and other esophageal diseases in the context of personalized medicine.
The 3-dimensional (3D) organoid system is a cell-culture based, novel, and physiologically relevant biologic platform. 21 With a small number of cells isolated from tissues or cultured cells as starting materials, 3D organoids are grown and passaged in basement membrane matrix. Organoids provide insights into the roles of molecular pathways and niche factors essential in intestinal stem cell renewal, proliferation, and differentiation. Although 3D organoids have been generated from broad tissue types, the application of this technique to human stratified squamous epithelia remains elusive.
Herein, we have established a highly efficient protocol to generate human and murine esophageal organoids from endoscopic biopsies, immortalized normal human esophageal epithelial cell lines, and murine esophagi. In concert with genetic and pharmacologic modifications, our 3D organoids reveal novel functional crosstalk between cytokines and Notch signaling in reactive epithelial changes in the context of inflammatory milieu. Specifically, disruption of Notch3-mediated squamous cell differentiation may serve as a novel mechanism contributing to reactive epithelial changes in EoE, GERD, and potentially other esophageal pathologies.
Methods

Patients and Esophageal Biopsies
In accordance with institutional review board standards and guidelines at the Children's Hospital of Philadelphia and the Hospital of the University of Pennsylvania, biopsies were procured from the distal esophagus of patients with EoE, GERD, and normal mucosa undergoing diagnostic esophagogastroduodenoscopy (ie, upper endoscopy) ( Table 1) .
Patients who met clinical criteria of EoE 22 with histologic presence of !15 esophageal mucosal eosinophils (eos) per high-powered field (hpf) were classified as "active EoE." Patients with EoE who demonstrated resolution of Growth supplements in Figure 2 . 
Mice
Murine esophageal epithelial sheets were prepared as described 23 was externally done by short-tandem repeat DNA profiling at the American Type Culture Collection (Manassas, VA).
Murine esophageal 3D organoids were generated as described 27 using advanced Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (aDMEM/F12) containing EGF, 10 Noggin/R-Spondin1-conditioned medium, Wnt3A (R&D Systems, Minneapolis, MN), A83-01 (Sigma-Aldrich, St. Louis, MO), and SB202190 (Selleck Chemical, Huston, TX), unless the use of KSFM or modified KSFM containing 0.6 mM Ca 2þ (KSFMC) was noted (see Table 2 for media compositions). For ex vivo Notch1 deletion in 3D esophageal organoids generated from Notch1l oxP/loxP mice, organoids were incubated with Adenovirus expressing Cre recombinase or green fluorescent protein (GFP, control) (University of Iowa Gene Transfer Vector Core). Adenovirus was added at 1:500 at the time of organoid plating.
Organoids from human esophageal biopsies were established as described in Figure 1 . Briefly, endoscopic biopsy pieces were preserved in KSFM medium and kept on ice until further processing. KSFM was then replaced with 1 mL 10 U/mL Dispase (Corning, Corning, NY) and incubated for 10 minutes at room temperature. After rinsing with 1 mL phosphate-buffered saline to remove Dispase, the biopsy pieces were incubated in 0.5 mL 0.05% trypsin-EDTA at 37 C for 10 minutes and mixed concurrently at 700w800 rpm using ThermoMixer C (Eppendorf, Hamburg, DE). Using the rubber plunger head taken from a tuberculin syringe, dissociated cells were gently forced through a 70-mm cell strainer and collected in a 50-mL conical tube containing 2 mL 250 mg/mL soybean trypsin inhibitor (Sigma-Aldrich). Cells were filtrated again into a 5-mL round bottom polystyrene tube with a 35-mm cell strainer snap cap (BD Bioscience, Franklin Lakes, NJ). Following centrifugation at 1500 rpm at 4 C for 5 minutes, cells were resuspended in 50-100 mL KSFM and counted by the Countess II FL Automated Cell Counter (Invitrogen, Carlsbad, CA) where cell viability was determined by Trypan Blue dye exclusion test. When EPC2-hTERT and derivatives were used to generate 3D organoids, monolayer cultures were trypsinized to prepare cell suspensions as described. 23 Using 24-well plates, 2000 cells were seeded per well in 50 mL of ice cold 1:1 mixture of Matrigel basement membrane matrix (Corning) and KSFMC, and incubated at 37 C for 30 minutes. After solidification, 500 mL of KSFMC containing 10 uM Y27632 (Sigma-Aldrich) was added to each well on the first day, and then wells were replenished with KSFMC without Y27632 every other day. When indicated, the previously described fully supplemented aDMEM/F12 was used instead of KSFMC. Alternatively, KSFM was supplemented with the growth supplements used in aDMEM/F12. 27 When indicated, both monolayer and 3D organoid cultures were grown in the presence or absence of 1 mM Compound E, a GSI or 1-40 ng/mL of TNF-a, 1-10 ng/mL interleukin (IL)-4, IL5, or IL13 (R&D) as described. 8, [28] [29] [30] We first established nonlethal stimulatory concentration of cytokines by performing dose response (data not shown). 3D organoids were grown for 11 days, unless otherwise noted, and phase-contrast images were acquired to determine their number and size using a Nikon Eclipse E600 microscope (Nikon, Tokyo, Japan). Organoid formation rate (OFR) was defined as the average number of !50 mm spherical structures at Day 11 divided by the total number of cells seeded in each well at Day 0. 3D organoids were recovered by digesting Matrigel with Dispase (10 U/mL), dissociated into single cell suspensions by incubation with 0.05% Trypsin-EDTA at 37 C for 10 minutes, and reseeded for secondary and subsequent passages. When indicated, 3D organoid structures recovered from Matrigel were fixed overnight in 4.0% paraformaldehyde and embedded in 2.0% Bacto-Agar: 2.5% gelatin for paraffin embedding and subjected to histologic analyses.
WST1 Assays
To assess metabolically active viable cells, organoid cultures were incubated with WST-1 reagent (Roche, Basel, Switzerland) for 90 minutes and then only reacted media was transferred to a 96-well plate, before colorimetric cell proliferation assays according to the manufacturer's instructions. All experiments were performed in triplicate.
Histology, Immunofluorescence, and Immunohistochemistry
Paraffin-embedded biopsies and 3D organoid products were serially sectioned and subjected to hematoxylin and eosin (H&E) staining, immunofluorescence (IF), and immunohistochemistry (IHC) as described previously.
8,30,31 H&E-stained slides for 3D organoids and corresponding biopsies were evaluated by a pathologist (A.K.S.) blinded to molecular and clinical data. In brief, sections were incubated overnight at 4 C with anti-IVL (mouse monoclonal anti-IVL I9018, 1:100; Sigma-Aldrich) for IF and anti-Ki-67 (rabbit monoclonal anti-Ki-67 ab16667; 1:200; Abcam, Cambridge, UK) or anti-Notch1 (rabbit monoclonal anti-ICN1 Val1744 D3B8, 1:200; Cell Signaling, Danvers, MA) for IHC. Stained objects were captured and imaged with a Nikon Microphot microscope with a digital camera. Ki-67 labeling index was determined by counting at least 6 organoids per group. Basaloid cell content analysis was determined as a percentage of the total height of basaloid cell layers per organoid diameter spanning both basaloid cell layers and the differentiated cell layers including keratinized inner cell mass in H&E-stained organoids with 3 areas measured per organoid in least 6 organoids per group.
Flow Cytometry
Flow cytometry was performed as described using LSR II cytometers (BD Biosciences) and FlowJo software (Tree Star, Ashland, OR) for cells suspended in Hank's balanced salt solution (Invitrogen) containing 1% bovine serum albumin (Sigma-Aldrich) and stained with FITC-anti-CD29 at 1:25 (MCA1188, Bio-Rad Laboratory, Hercules, CA), APC-anti-CD45 at 1:20 (HI30, BioLegend, San Diego, CA), PE-anti-CD325 at 1:20 (8C11, BioLegend) on ice for 30 minutes. 4 0 ,6-diamidino-2-phenylindole (DAPI) was used to determine cell viability. Flow cytometry was repeated for each genotype and condition at least 3 times.
Immunoblotting 3D organoids isolated from Matrigel and cells in monolayer culture were lysed and subjected to immunoblotting as described. 6, 8, 29 Rabbit monoclonal anti-ICN1 Val1744 D3B8 (1:1000; Cell Signaling), rabbit monoclonal anti-NOTCH3 D11B8 (1:1000; Cell Signaling), mouse monoclonal anti-IVL clone SY5 (1:1000, Sigma-Aldrich), and mouse monoclonal anti-b-actin AC-74 (1:10,000; Sigma-Aldrich) were used as primary antibodies. b-actin served as a loading control.
Quantitative Reverse-Transcriptase Polymerase Chain Reaction Assays RNA extraction and cDNA synthesis were done as described. 6, 8, 29 Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was done with TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA) for
,and GAPDH (Hs99999905_m1), using the StepOnePlus Real-Time PCR System (Applied Biosystems). The relative level of each mRNA was normalized to GAPDH as an internal control.
RNA-Seq Data Analysis
Raw sequence data with quality scores (GSE58640) 32, 33 were downloaded from the NCBI GEO database. The dataset included samples from 10 active EoE patients and 6 healthy control subjects. Sequences for each sample were aligned to the human genome GRCh38.p7 using the STAR aligner (v252b). 34 Genomically mapped reads were counted against reference genes as annotated in Gencode (version 25) 35 using htseq-count. 36 One EoE sample (GSM1415921, EoE_803) was noted to have a low number of mapped reads and was excluded from further analyses. Genes were tested for differential expression between EoE and control subjects using DESeq2, 37 yielding fold change, P value, and fdr-adjusted P value for each gene.
Transient Transfection and Dual-Luciferase Assays
Transient transfection of reporter plasmids and luciferase assays were performed as described previously. 8 Briefly, 400 ng of 8xCBF1-luc (designated as 8xCSL-luc), 38 a Notch-inducible reporter, was transfected per well seeded with 2 Â 10 5 cells 24 hours before transfection in 24-well plates along with 5 ng of phRL-SV40-Renilla luciferase vector (Promega), which was used to calibrate the variation of transfection efficiencies among wells. A total of 40 ng/mL TNF-a was added at 24 hours after transfection and incubated for an additional 72 hours before cell lysis. The mean of firefly luciferase activity was normalized with the cotransfected Renilla luciferase activity. Transfection was carried out at least 3 times, and variation between experiments was not >15%.
Statistical Analysis
Data are presented as mean ± standard error of the mean or mean ± standard deviation and were analyzed by 2-tailed Student t test, Wilcoxon test P < .05 was considered significant. Data were analyzed using the Jmp13 pro ver.13.0.0 software package (SAS Institute, Cary, NC). All authors had access to the study data and reviewed and approved the final manuscript.
Results
Esophageal 3-Dimensional Organoids Display an Explicit Proliferation-Differentiation Gradient
The aDMEM/F12-based media originally described by Sato et al 39 to generate 3D organoids from the intestine and other gastrointestinal organs has been successfully used to grow 3D organoids from normal murine esophageal epithelia. 2, 27, 31 Our initial attempts to grow human esophageal 3D organoids failed in this medium composition before poor, if any, 3D structure formation was noted in the extensively characterized normal human esophageal cell line EPC2-hTERT 25 and in human esophageal cells isolated from endoscopic biopsies from patients with normal esophageal mucosa (n ¼ 4) or EoE (n ¼ 7) (Figure 2A and data not shown). However, on culturing in KSFM, EPC2-hTERT cells gave rise to larger 3D structures with lobulated morphology (Figure 2A and B) . Histologic analysis of H&E-stained organoids revealed a keratinized inner cell mass surrounded by less-differentiated basaloid cell layers protruding into the matrix. Interestingly, organoid growth was severely impaired when KSFM was supplemented with growth factors and agents used for the aDMEM/F12 medium ( Figure 2A , Table 2 ). KSFM has low calcium content (0.09 mM) to limit squamous-cell differentiation in EPC2-hTERT monolayer culture where raising Ca 2þ to 0.6 mM induces terminal differentiation. 8 We suspected that calcium may influence the differentiation gradient in organoids. Addition of CaCl 2 to a final concentration of 0.6 mM Ca 2þ resulted in the formation of less lobulated 3D structures with a more explicit differentiation gradient (Figure 2A ) while also significantly enhancing OFR ( Figure 2C ). Because higher Ca 2þ concentrations (0.9-1.8 mM) did not significantly improve OFR or organoid size compared with KSFMC (data not shown), we have identified KSFM containing 0.6 mM Ca 2þ (designated KSFMC) as the optimal medium for 3D organoid formation by EPC2-hTERT cells.
We further evaluated the influence of culture medium composition on organoid formation by esophageal cells isolated from murine epithelial sheets. aDMEM/F12, KFSM, and KSFMC each gave rise to 3D organoids of comparable size ( Figure 2D and E) . However, organoids grown in KSFMC and aDMEM/F12 recapitulated better a physiological differentiation gradient as compared with those cultured in KSFM ( Figure 2D ). Additionally, although organoid formation efficiency was comparable between KSFMC and aDMEM/F12, the latter supplemented either fully 27 or partially (with EGF, R-Spondin1, and Noggin only 2, 31 ) ( Figure 2E and F, and data not shown); OFR was impaired on culture in KFSM as compared to KSFMC ( Figure 2F ).
Taken together, these findings identify KSFMC as a culture medium that supports 3D organoid formation in esophageal keratinocytes of human and murine origin.
We continued to characterize the growth kinetics of human esophageal 3D organoids in KSFMC medium, using the immortalized normal human esophageal cell line EPC2-hTERT, which has been extensively characterized with respect to proliferation, terminal differentiation, EMT, senescence, apoptosis, motility, and related signaling pathways in response to a variety of physiologically and pathologically relevant stimuli. [4] [5] [6] [7] [8] [9] 18, 19, 25, 26, 28, [40] [41] [42] active until Day 9 ( Figure 3B ) before keratinization becomes prominent at Day 11 ( Figure 3A) . 3D organoids displayed a proliferation-differentiation gradient with a Ki-67 staining basaloid cell layer and more differentiated cells toward the center of these structures ( Figure 3A ). Differentiation was corroborated by expression of IVL, an early marker of squamous cell differentiation as documented by IF, which indicated that differentiation begins in a small number cells located within the inner cell mass as early as Day 7 and then increases until Day 14 ( Figure 3A ). Although both cell number and organoid size contributed to increase through Day 14 ( Figure 3C ), WST-1 assays suggested that metabolically active cells were decreased by Day 18, indicating that a subset of cells was no longer viable at later time points following terminal differentiation marked by a keratinized core ( Figure 3A) . When passaged at Day 14, the 3D organoids from EPC2-hTERT cells maintained similar growth kinetics (data not shown). EPC2-hTERT organoids displayed consistent OFR (19.1 ± 2.9%, mean ± standard deviation of 4 biologic replicates) and size (174.8 ± 2.6 mm mean ± standard deviation of 6 biologic replicates) from passage to passage. After optimizing organoid culture conditions with EPC2-hTERT cells, we then sought to apply these methods to esophageal organoids derived from patient biopsies (Figure 4) . We found that a single biopsy was sufficient to initiate primary esophageal 3D organoids, yielding 10 5 -10 6 viable cells. Excluding a few cases because of fungal contamination, 3D structures were successfully generated from 34 pediatric patients (100%) ( Table 1) . We included EPC2-hTERT for quality control purposes in each tissuederived 3D organoid experiment where outcomes can be influenced by variables including medium components and culture conditions. Esophageal 3D organoids generated from biopsies of normal mucosa were comparable in structure, proliferation, and differentiation ( Figure 4A ) as compared with those from EPC2-hTERT cells ( Figure 3A) . Moreover, 3D organoids were generated from patients with GERD and EoE (active and inactive disease) ( Table 1) without significant differences in morphology and OFR as compared with 3D organoids from normal mucosa ( Figure 4B and C) , indicating that esophageal epithelial cells may behave similarly ex vivo despite the presence of reactive epithelial changes (eg, BCH) in the original tissue associated with the in vivo inflammatory milieu of differential disease conditions, such as EoE and GERD.
OFR for biopsy-derived organoids was smaller than that of EPC2-hTERT ( Figure 4C ), suggesting heterogeneity of tissue-dissociated cells including dying cells and terminally differentiated cells. Of note, flow cytometry detected few (<0.1%), if any, CD45-positive leukocytes or N-cadherin-positive mesenchymal cells within tissuederived 3D organoids ( Figure 4D and data not shown), even though nonepithelial cells were not excluded from single cell suspensions prepared at the onset of organoid culture in this study. Unlike EPC2-hTERT, biopsy-derived organoids typically exhibited a decrease in size after passage 2 ( Figure 4E ) and stopped forming organoids after passage 3 (3.8 ± 0.8 on average, n ¼ 10; patients whose organoids were tracked until they no longer formed organoids) ( Table 1) . When organoids were cultured in the presence of Wnt 3a, Noggin/R-Spondin1 or A83-01, OFR was improved in subsequent passages ( Figure 4F) ; however, these factors were insufficient to extend passage number. Thus, the defined culture conditions may be permissive for the maintenance of keratinocyte progenitors with limited self-renewal capacity. 43 
Pharmacologic and Genetic Inhibition of Notch Signaling Increases Basaloid Cell Content and Affects the Differentiation Gradient in Esophageal 3-Dimensional Organoids
We next explored how the squamous proliferationdifferentiation gradient may be regulated in esophageal 3D organoids. Specifically, we interrogated the role of Notch signaling via pharmacologic and genetic inhibition. Notch inhibition is expected to perturb squamous cell differentiation, resulting in accumulation of undifferentiated basal keratinocytes and hyperkeratosis. 13 We grew biopsy-and (B and C) Esophageal 3D organoids were generated from patients with normal esophageal mucosa, GERD, active EoE, and inactive EoE. The resulting 3D organoids were analyzed by H&E staining for morphology in B. Scale bar ¼ 50 mm. Organoid formation rate was determined in organoids derived from normal (n ¼ 8), GERD (n ¼ 3), active EoE (n ¼ 11), and inactive EoE (n ¼ 9) patients in C. ns, not significant vs normal as determined with P < .05 being considered statistically significant. . Note that nonepithelial cells were detected minimally (<0.1%). (E) Organoid size was determined at the end of each passage (P0-P3). *P < .01 vs P0; ns, not significant vs P0; n ¼ 8. (F) 3D organoids were first grown in KSFMC and then passaged in KSFMC supplemented with or without SB202190, WNT3A, Noggin/R-Spondin1, or A83-01. OFR was determined at the end of passages 2 and 3. *P < .01 vs P2 or 3 and supplements (-); # P < .05 vs P2 or 3 and Wnt3a; n ¼ 6. There was no organoid growth noted in the presence of SB202190 at the end of P2. Data represent !2 biologic replicates with similar results.
EPC2-hTERT-derived 3D organoids in the presence or absence of the GSI compound E from Day 0. GSI did not affect OFR (data not shown); however, H&E staining of 3D organoids revealed thickening of the outermost basaloid cell layers and concurrent hyperkeratosis in the inner core ( Figure 5A and B) . Increased basaloid cell content was further corroborated by flow cytometry for CD29 (b1-inetgrin), a basal cell marker ( Figure 5C ). GSI had a similar effect when treatment was initiated in structurally established 3D organoids at Day 6 (data not shown). These findings were further corroborated in 3D organoids from EPC2-hTERT cells with genetic Notch inhibition ( Figure 5A ). DNMAML1, a genetic pan-Notch inhibitor, induced a similar phenotype, which was reversed on restoration of Notch activity in the tetracycline-regulatory (Tet-Off) system, allowing doxycycline (DOX)-mediated suppression of ectopically expressed DNMAML1 ( Figure 5A ). Finally, these findings were recapitulated in murine esophageal organoids on GSI treatment or adenoviral Cre-mediated Notch1 deletion ex vivo ( Figure 5D-F) . We observed an abrupt terminal differentiation with GSI treatment with increased basaloid cells and no intermediately differentiated cell layers ( Figure 5D -F and data not shown). These findings indicate that the differentiation gradient in 3D esophageal organoids is subject to regulation by canonical Notch signaling in human and mice.
Notch1 regulates squamous cell differentiation via Notch3 in the esophageal epithelium as validated in K14Cre;DNMAML1 loxP-stop-loxP mice and EPC2-hTERT cells in monolayer and 3D organotypic cultures, the latter an independent form of human tissue engineering. 8 We examined IVL expression by IF in human esophageal 3D organoids on pharmacologic and genetic Notch inhibition. Both GSI and DNMAML1 decreased expression of IVL ( Figure 6A ). IVL expression was restored on DOX-mediated suppression of DNMAML1 in the Tet-off system ( Figure 6A ). Additionally, qRT-PCR assays showed that Notch inhibition via DNMAML1 decreased mRNA for IVL, NOTCH3, and HES5, all transcriptional targets for the activated form of Notch1 and reciprocal upregulation on DOX-mediated suppression of DNMAML1 in the Tet-Off system ( Figure 6B ). Of note, Notch inhibition did not affect Ki-67 expression significantly in esophageal 3D organoids (Figure 7) , suggesting that basaloid-cell accumulation may be accounted for by delayed commitment to terminal differentiation, but not increased proliferation. Moreover, Notch inhibition suppressed OFR in mice, but not human (Figure 7 ), in agreement with our recent findings in neoplastic murine esophageal 3D organoids, 44 suggesting a potential species difference in the role of Notch signaling in esophageal epithelial cells.
Eosinophilic Esophagitis-Relevant Cytokines Inhibit Notch-Dependent Squamous-Cell Differentiation, Promoting Basaloid Cell Accumulation in 3-Dimensional Organoids
Reactive epithelial changes represented by BCH and spongiosis are common histopathologic features in esophageal pathologies including EoE.
14 Perturbed squamous cell differentiation has been implicated in epithelial barrier defects, 17 essential in the pathogenesis of EoE. 16, 45, 46 To gain insights as to how squamous cell differentiation is affected in EoE, we mined RNA sequencing data (GSE58640) on well-annotated EoE cases 32, 33 to find a 40% downregulation of NOTCH3 mRNA expression in the active EoE population compared with non-EoE control (P ¼ .0006). We validated independently this result by qRT-PCR using esophageal biopsy specimens from a pediatric cohort at the The Children's Hospital of Philadelphia ( Figure 8A ). This change in NOTCH3 was unique among all Notch receptor paralogs because NOTCH1 and NOTCH2 showed no difference and NOTCH4 was not detected in any of the biopsies (data not shown). NOTCH3 modulates esophageal cell fate toward squamous cell differentiation. 8 Although NOTCH3 protein was not detectable, our preliminary IHC analysis suggested that esophageal biopsies from active EoE patients (n ¼ 5) display downregulation of ICN1
Val1744
, the activated form of NOTCH1 that is expressed in the basal compartment of normal squamous epithelia in non-EoE normal biopsies (n ¼ 4) ( Figure 8B and data not shown). We hypothesized that EoE-relevant cytokines influence Notch signaling to alter the differentiation gradient in esophageal epithelium.
To determine the effect of EoE-relevant cytokines on Notch signaling, we carried out immunoblot analysis for ICN1
Val1744 in EPC2-hTERT cells stimulated with or without cytokines, either alone or in combination. We included TNF-a, which has been implicated in broader disease contexts including GERD and radiation esophagitis. All of these cytokines suppressed ICN1
Val1744 expression ( Figure 9A ). We next performed transfection assays using the 8xCSL-luc Notch reporter and found that TNF-a suppresses Notchdependent transcriptional activity in EPC2-hTERT cells ( Figure 9B ). Moreover, TNF-a decreased in EPC2-hTERT 3D organoids mRNA expression for Notch ligands (JAG2, DLL1) and ICN1
Val1744 targets and squamous cell differentiation markers (NOTCH3, HES5, IVL, and FLG) ( Figure 9C ). This was further corroborated by immunoblotting for NOTCH3 and IVL in EPC2-hTERT 3D organoids ( Figure 9D) .
Because TNF-a induces an expansion of the basaloid cell population in murine esophageal 3D organoids, 41 we further tested the effects of TNF-a stimulation in human esophageal 3D organoids generated from normal biopsies. When established 3D organoids were stimulated with TNF-a, the resulting 3D organoids displayed augmented basaloid cell content ( Figure 10A and B) with flow cytometry demonstrating that TNF-a stimulation increased the CD29 high basaloid cell content consistent with the BCH-like phenotype ( Figure 10C ). We confirmed further by IF that decreased IVL expression in human esophageal 3D organoids generated with biopsies from normal mucosal and EPC2-hTERT cells ( Figure 10D ). Additionally, similar changes were detected in human esophageal 3D organoids stimulated with IL13 ( Figure 10D ), another EoE-relevant cytokine that not only promotes basal cell expansion but suppresses squamous-cell differentiation in the context of EoE. 
GSI (-) GSI (+)
GFP DNMAML1
Dox (-) Dox (+) Figure 5 . Genetic and pharmacologic inhibition of Notch signaling increases basaloid cell content in esophageal 3D organoids. Esophageal 3D organoids were generated from biopsies of normal esophageal mucosa and EPC2-hTERT and derivatives (A-C) or C57BL/6J murine esophageal epithelial sheets (D-F). Organoids were grown in the presence or absence of 1 mM compound E, a GSI or dimethyl sulfoxide (vehicle), DNMAML1 or GFP (control vector), 1 mg/mL DOX to turn off DNMAML1 expression in cells expressing transgenic DNMAML1 in DNMAML1 Tet-Off . H&E-stained 3D organoids in A were evaluated for basaloid cell content under indicated conditions in B. *P < .01 vs GSI (-), GFP, or DOX (-); n ¼ 6. The 3D organoids were enzymatically dissociated and assessed for CD29 expression by flow cytometry in C. Bar diagram (mean ± standard error of the mean) shows the proportion of cells with high CD29 expression (basaloid cells) and low CD29 expression (differentiated cells) in 3D organoids. *P < .01 vs GSI (-), GFP, or DOX (-); n ¼ 3. (D and E) Murine esophageal 3D organoids were grown in the presence or absence of 1 mM compound E (GSI). (F) Single cell suspensions prepared from epithelial sheets isolated from Notch1 loxP/loxP mice were incubated with adenovirus expressing either Cre recombinase (Ad-Cre) to induce Notch1 deletion or GFP (Ad-GFP, negative control) before plating in organoid culture. Organoids were stained by H&E in D. Note that GSI-treated organoids display increased basaloid cell content and abrupt terminal differentiation (keratinization), whereas a clear differentiation gradient is present in GSI-untreated control organoids. Basaloid cell content was determined in H&E-stained organoids in E and F. Basaloid cell content is increased on pan-Notch inhibition with GSI or Ad-Cre-mediated genetic deletion of Notch1. *P < .01 vs GSI (-) or GFP. Data represent 2 biologic replicates with similar results.
Induction of differentiation in 3D organoids was mirrored by a decrease in Ki-67 expression ( Figure 3A and B) . When evaluated in the presence of TNF-a stimulation, Ki67 downregulation was accelerated on treating with TNF-a from Day 5 ( Figure 10E and F) , indicating that the increase in basaloid cell content was not accounted for by increased proliferation, but rather an impaired differentiation. Thus, the observed changes induced by EoE-relevant cytokines may represent a phenocopy of Notch inhibition in human and murine esophageal 3D organoids (Figures 5-7) .
In aggregate, these data from our innovative approaches indicate that Notch signaling may be suppressed to affect squamous cell differentiation as a reactive epithelial change under EoE-related inflammatory conditions and possibly other conditions including acid reflux in GERD.
Discussion
Major accomplishments of this study on esophageal 3D organoids established ex vivo include (1) development of a highly reliable protocol that can be commonly applicable for human and mice, (2) understanding physiological functions and regulatory mechanisms via pharmacologic and genetic manipulations 47 and characterization of normal and diseased esophageal conditions, and (3) modeling epithelial pathologies associated with esophagitis to gain substantial novel molecular insights about the mechanism underlying reactive esophageal epithelial changes in disease conditions.
We found that human esophageal 3D organoids may not necessarily grow in culture conditions that were previously optimized for murine esophageal 3D organoids, 27 revealing potential species differences. The relatively simple formula of KSFMC supported the growth of both human and murine esophageal organoids with comparable growth and structural properties. Among factors and agents originally used for murine esophageal 3D organoids, 27 R-Spondin1 and Noggin, Wnt3A, or A83-01 improved OFR in passaged organoids in KSFMC; however, SB202190, a p38 mitogenactivated protein kinase inhibitor, impaired organoid formation by human cells. Oxidative stress may induce apoptosis via p38 mitogen-activated protein kinase. 48 We did not use N2 and B27 supplements that provide redundant insulin, transferrin, and selenium, which are present in KSFM; however, B27 also contains antioxidants, which we did not supplement with in KSFMC. Given the inhibitory effect of SB202190, human esophageal cells may be sensitive to p38 mitogen-activated protein kinase-mediated processes, raising the possibility that antioxidants may alleviate cellular stress and improve cell survival. Our organoid protocol shows a high success rate from endoscopic biopsies; however, OFR was usually higher at P1 compared with P0, suggesting that tissue processing may affect cell viability. Alternatively, cells isolated from biopsies likely contain stromal cells, such as fibroblasts and immune cells, thereby underestimating the number of epithelial cells seeded for P0. Although nonepithelial cells were barely detectable within normal tissue-derived 3D organoids, this study does not exclude the possibility that more nonepithelial cells may be present in organoids from biopsies with disease conditions (eg, EoE) to influence organoid formation. Additionally, tissue-derived cells are possibly primed by factors in the tissue microenvironment (eg, inflammatory cytokines). Moreover, organoid characteristics are likely influenced by variables, such as species, gene polymorphism, gender, and age. Future studies may require fluorescence-activated cell sorting before organoid formation. Unbiased molecular analyses (eg, RNA-sequencing), comparing EPC2-hTERT and tissue-derived organoids grown in the presence or absence of disease-relevant cytokines, eosinophils, and other cell types, will better define molecular characteristics of 3D organoids in both physiological and disease contexts.
Unlike murine esophageal 3D organoids passaged at least 10 times, 2 self-renewal in human esophageal 3D organoids may be limited under our culture conditions. Organoids may hit the Hayflick limit for replicative senescence because we estimate doubling of 8-9 generations occurs per passage. Such a premise was corroborated in 3D organoids generated with telomerase-immortalized EPC2-hTERT cells that were indefinitely passaged. In addition to "culture stress," a plausible explanation is depletion of a unique subset of stem-like cells that are capable of initiating organoid formation. Because several self-renewal factors tested in KSFMC did not rescue the growth arrest of biopsy-derived esophageal 3D organoids, additional niche factors need to be explored. Within 3D organoids, cell proliferation declines as differentiation becomes more overt,
indicating that differential biologic processes may occur at different time points. Future studies should determine the window for exposure to specific medium components. We identified Ca 2þ as a key media component factor with regard to promoting optimal recapitulation of the esophageal proliferation-differentiation gradient ex vivo. Added into KSFM via CaCl 2 , Ca 2þ may facilitate cell-cell contact via adhesion molecules, such as E-cadherin, to activate Notch signaling and squamous cell differentiation. Our study validates single cell-derived esophageal 3D organoids as an excellent platform to study cell fate regulation in a physiologically relevant context. Data from Notch Human esophageal 3D organoids in Figure 5 were analyzed for Ki-67 expression by IHC under indicated conditions (A and B). Ki-67 labeling index (LI) in A was determined in B. *P < .01 vs GSI (-), GFP, or DOX (-); n ¼ 6. OFR for human (C) and murine (D) esophageal 3D organoids under indicated conditions in Figure 5 was determined. Note that OFR was decreased on pan-Notch inhibition with GSI or AdCre-mediated genetic deletion of Notch1 in (D). ns, not significant vs GSI (-), GFP, or DOX (-); n ¼ 3 in (C). *P < .01 vs GSI (-) or GFP; n ¼ 6 in (D). Data represent 2 biologic replicates with similar results.
inhibition confirmed the physiological role of Notch signaling in squamous cell differentiation, although Notch activity seems to be dispensable for proliferation. Restorable DNMAML1 expression in the Tet-Off system precluded the possibility that unique cell clones refractory to Notchdependent differentiation were selected before organoid formation. Moreover, our data complemented previous studies using an independent 3D culture system 7, 8, 23, 28 that is suitable to study cell lines or primary culture, but not cells directly isolated from biopsies, because this method requires a large number of cells (>10 6 per well) grown in monolayer culture in advance. EGF may inhibit Notch to limit squamous cell differentiation. 49 Thus, Notch-mediated generation of the differentiation gradient in esophageal 3D organoids can also be influenced by EGF present in KSFM. Given the growth properties of organoids, it is plausible that decreased direct exposure of the inner cell mass to EGF may permit Notch activation and terminal differentiation while leaving the proliferative outmost basaloid cell layer undifferentiated.
Our study provides proof of principle that organoids can be used to model epithelial pathologies related to esophagitis. EoE patient-derived esophageal 3D organoids displayed normal tissue architecture in the absence of inflammatory stimuli or potentially influence of a diseaseassociated unique microbiome that may be suppressed in the presence of antibiotics in KSFMC, confirming for the first time the "reactive" nature of BCH. TNF-a and other cytokines inhibited Notch signaling as a potential explanation of reactive epithelial changes, a novel premise. We demonstrated that Notch-mediated squamous cell differentiation is suppressed by EoE-relevant cytokines, providing novel mechanistic insight into the functional interplay between the inflammatory milieu and epithelial tissue architecture in the esophagus. Inhibition of the Notch activity by TNF-a may imply a common mechanism underlying BCH associated with esophagitis beyond EoE; however, further studies are needed to determine as to how these cytokines inhibit Notch signaling in esophageal epithelium and how inclusion of broader cytokines and other cell types in the 3D organoid Figure 10 . TNF-a increases basaloid cell content with a concurrent suppression of Notch target genes in human esophageal 3D organoids. Esophageal 3D organoids were grown for 11 days from normal esophageal mucosa or EPC2-hTERT cells in the presence or absence of 1 ng/mL TNF-a 54 or 1 ng/mL IL13 (D). Resulting 3D organoids were analyzed by H&E staining for morphology in A from which basaloid cell content was determined in B. Scale bars ¼ 50 mm. *P < .0001 vs TNF-a (-); n ¼ 6. (C) 3D organoids were enzymatically dissociated and assessed for CD29 expression. Bar diagram shows the proportion of cells with high CD29 expression (basaloid cells) and low CD29 expression (differentiated cells) in 3D organoids. *P < .0001 vs TNF-a (-); n ¼ 3. (D) Organoids were analyzed for IVL expression by IF. NT, no treatment. (E) EPC2-hTERT 3D organoids grown in the presence or absence of 5 ng/mL TNF-a were harvested at Days 7 and 11. Cell proliferation was assessed by IHC for Ki-67 in from which Ki-67 labeling index (LI) was determined in F. Scale bars ¼ 50 mm. *P < .0001 vs TNFa (-) at Day 7; ns, not significant vs TNF-a (-) at Day 11; n ¼ 6. Representative images are shown. Scales bars ¼ 50 mm. Data represent 2 biologic replicates with similar results.
EPC2-hTERT
differentiation. It should be noted that Notch3 may limit EMT in normal esophageal epithelial cells. 28 EMT has been documented in the esophageal epithelium in patients with EoE. 50 We have previously identified TNF-a as an essential inducer of EMT in the context of EoE. 19 Thus, the cell fate regulation of squamous cell differentiation and EMT may be influenced by inflammatory cytokines via Notch3.
Interestingly, Notch-mutant mice display atopic dermatitis-like disease in the skin with epithelial induction of Tslp expression, BCH, spongiosis, hyperkeratosis, and dermal eosinophilia with concurrent upregulation of IL4 and IL13, 13 all relevant to EoE. Because genetic abnormality in esophageal Tslp expression may promote T helper 2 cell responses in EoE, 15 future applications of patient-derived organoids include testing for Tslp expression to predict disease susceptibility. Additionally, 3D organoids can be used to explore novel therapy targeting Notch, other signaling pathways, and other epithelial biologic processes, such as autophagy as implicated in the pathogenesis of EoE 30, 51 and other esophageal diseases. 31, 52, 53 Lack of remarkable differences in organoid structures from diseased mucosa compared with those from normal mucosa suggested that reactive epithelial changes may be normalized ex vivo in the absence of an inflammatory milieu. There were no apparent immune cells or other cell types detected in organoids generated from esophagitis biopsies, suggesting a selection of KSFMC for epithelial cells. Although further optimization is required, coculture experiments in esophageal 3D organoids with nonepithelial cell types including immune cells or fibroblasts can be performed to gain insights into their interplays in the pathogenesis of EoE. 29 Because esophageal fibroblasts produce cytokines in response to epithelial conditioned media, 42 epithelialstroma crosstalk may be explored in the 3D organoid platform. Such studies are currently underway, revealing the important role of BCH in fibroblast activation and extracellular matrix tissue remodeling. Finally, building a biopsyderived organoid library will have a high potential to gain insights into the genetic and epigenetic alterations or intrinsic cellular sensitivity to inflammatory cytokines and pharmacologic agents that may be amenable for translation in personalized medicine.
